An average of 540 picomoles of total adenosine phosphates was found in the embryo of mature seeds of ponderosa pine (Pinus ponderosa Laws.) and 1140 picomoles in the gametophyte. Adenylate energy charges were 0.44 and 0.26, respectively. After stratification, total adenosine phosphates increased 7-fold and 6-fold in embryo and gametophyte, respectively, and energy charges rose to 0.85 and 0.75. During germination, total adenosine phosphates increased to a 20-fold peak on the 9th day in gametophytic tissue, parallel with the peak of reserve regradation and organellar synthesis, and then decreased. In embryo and seedling, total adenosine phosphates elevated 80-fold with two distinct oscillating increases of AMP and ADP.
The oscillating increases occurred before the emergence of radicle and cotyledons during which the highest mitotic index prevailed in all tissues. Energy charges fluctuated between 0.65 at the rapid cell dividing stage to 0.85 at the fully differentiated stage of the seedling, while energy charges remained around 0.75 in the gametophyte. These data indicated that the content of adenosine phosphates of germinating seeds reflects growth, organogenesis, and morphogenesis, and that a compartmentalized energy metabolism must exist in dividing and growing plant cells.
Seed germination requires the synthesis of enzymes and organelles for catabolic degradation of reserve food in the storage tissue and for anabolic building up of cellular constituents in the seedling (12) . Because the synthesis of proteins and nucleic acids is the major event in embryonic tissue, ATP is in great demand during seed germination (12, 19) . ATP was found to increase very rapidly upon imbibition of lettuce seeds under optimum temperature and oxygen conditions (22 (1, 8, 22) . A good example of EC'-controlled metabolism was reported in imbibed lettuce seeds. Anaerobiosis induced the activity of adenylate kinase that in turn regulated the levels of adenosine phosphates to an extremely low EC and thus growth activities of the lettuce seeds were limited (4) . It (Table I) . After the seedling length was measured, the seed coat was removed and the gametophyte was dissected. Fresh and dry weights (dried at 100 C for 24 hr) were determined on gametophytes and embryos or seedlings for each replication. Water content was calculated from the difference of fresh weight and dry weight.
Determination of Adenosine Phosphates. Four seeds of the designated stage of germination were dissected into gametophyte and embryo or seedling in a moist chamber. The dissection of each seed took less than 10 sec in skilled hands. Each part was quickly extracted by 10 ml of boiling, glass-distilled water for 10 min at 100 C. The extract was cooled in an ice bath, and 0.8 ml of the original (early stages) or diluted (later stages) extract was incubated at 30 C for 15 min in each of the following mixtures (8) .
A. For ATP determination, 0.1 ml of reaction buffer containing 0.5 M N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES), pH 7.5, and 0.5 M magnesium acetate and 0.1 ml of glass-distilled water. B. For ADP and ATP determination, 0.1 ml of the reaction buffer and 0.1 ml of solution containing 20 ,ug of pyruvate kinase (EC 2.7.1.40) (Sigma, crystalline), and 500 nmoles of trisodium phosphoenolpyruvate (Calbiochem).
C. For TAP, 0.1 ml of the reaction buffer, and 0.1 ml of solution containing 20 ,ug of pyruvate kinase, 500 nmoles of trisodium phosphoenolpyruvate. and 20 ,.tg of dialyzed (against 1 mM phosphate buffer, pH 7.0) adenylate kinase (EC 2.7.4.3) (Sigma).
After incubation, the extracts were either stored at 0 C overnight or assayed immediately by the luciferin-luciferase method using an Aminco Chem-Glow photometer (24) . The procedure was modified from the St. John's method: two 536 replications of 0.4 ml each of the above mixtures were added with 100,ud of firefly lantern extract (Sigma FLE-50; 50 mg of buffered extract inS ml of water), containing 50 mm potassium arsenate and 20 mm magnesium sulfate, pH 7.4. The instant peak height of light emission was used for all three mixtures to avoid endogenous ADP and AMP in the firefly extract interfering with the assay of tissue extract, particularly mixtures B and C. The peak height was linear to ATP concentration of 10nM to 10 4LM with the procedure outlined above and the Aminco Chem-Glow photometer. For most batches of the firefly extracts, a peak height of 20 to 40 equals 1 ,uM of ATP solution or 400 pmoles per 0.4-ml sample. The endogenous ATP in the firefly extract was depleted in the solution at 5 C in 16 to 24 hr. Some degradation of the luciferase was observed during this period, but that did not affect the assay as an excess of enzyme was used. The step of constant addition of ATP in the original method (24) was not used in this study as the quenching effect of various chemicals present in extracts was minimized by dilution.
The boiling water extraction method was compared with the cold perchloric acid extraction (8) and the boiling ethanol extraction (24) in the early stage of this study. The data obtained by the boiling water method were more reproducible and consistently higher than by the other two methods. Stewart and Guinn (25) also found that hot water extraction resulted in highest and reproducible ATP quantity from cotton seedlings. Furthermore, the recovery of pure ATP, ADP, and AMP (P-L Biochemicals, Inc.) averaged about 97, 85, and 87% by the method outlined above.
Calculation of the Content of Adenosine Phosphates and Energy Charge. Based on the peak height of light intensity produced from the three reaction mixtures, ATP concentrations were read directly from a standard curve of freshly prepared ATP solution and the particular batch of enzyme-substrate preparation used for the assay. ATP content of the extract was obtained from reaction mixture A, ADP content was the difference of B and A, and AMP was the difference of C and B.
The adenylate energy level of the tissue was calculated to molar concentration by the total ATP and water content in each gametophyte or seedling. The adenylate energy charge is calculated according to Atkinson (1):
According to Atkinson (1), the energy charge modulates the activity of various metabolic sequences related to energy utilization and regeneration. When the energy charge is greater than 0.5, ATP-utilizing systems increase their activities. At a lower energy charge than 0.5 in cells, ATP-regeneration systems are dominant. Growing and multiplying cells maintain a high energy charge around 0.8, but senescent cells have low EC of 0.5 (8) .
Estimation of Mitotic Index in Different Tissue. Ten seeds for each germination stage were dissected, fixed in 95% ethanol-chloroform-glacial acetic acid (6:3:1 v/v) overnight, hydrolyzed in 1 N HCI for 10 min at 60 C, and stained in Feulgen for 3 hr (29) . No cell division was ever observed in gametophytic tissue, but the whole embryo was stained purple indicating its meristemic characteristics. To discern their sequence and rate of cell division, the embryo as well as seedling were divided into cotyledon tips, cotyledons, shoot meristem, hypocotyl, and root tip. Each portion was macerated and made into a permanent slide (15) . Four radian areas containing at best 100 cells each per slide were counted for total number of cells and the number of dividing cells. Mitotic index was the percentage of dividing cells in each area. Only shoot and root meristems were stained in the older seedlings showing localized and limited mitotic activity.
RESULTS AND DISCUSSION
The changes in fresh weight, dry weight, and water content of the gametophyte and embryo or seedling during the course of soaking, stratification, and germination are illustrated in Figure 1 and Table I . These changes are similar to other lots of ponderosa pine seeds (11) and other coniferous tree seeds (10) , indicating a normal course of development from an embryo enclosed in nutritive gametophyte to an autotrophic seedling. Because of the lower (though simulating natural condition) than usual laboratory germination temperatures used, a slower rate of dry weight reduction in the gametophyte and a more gradual dry weight increase in the seedling were observed than in the previous study (11) .
Energy metabolism is more dynamic in the embryo and seedling than in the gametophyte over the whole germination period (Fig. 2) . In the embryo of mature seed, an average of 60 pmoles of ATP, 350 pmoles of ADP, and 130 pmoles of AMP were found. The 0-day gametophyte contained 60, 480, and 600 pmoles, respectively. An average energy charge of 0.44 and an ATP concentration of 0.7 mm were found in the embryo and a lower energy charge of 0.26 and a much lower ATP concentration of 0.035 mM were observed in the gametophyte (Fig. 3) . A low energy charge is common in quiescent seeds (5, 22) ; ponderosa pine appears to be no exception. After 4 hr of soaking, TAP doubled in the gametophyte, but little change was observed in the embryo. This difference is probably attributable to the slowness of water penetration, which resulted in a lower degree of hydration in cells of the embryo. At a 6.5% water content (Table I) (14) , and nucleosides are common in seeds (5, 17) . These enzymes and substrates may possibly be present in pine gametophyte as well as embryonic cells. Furthermore, mitochondria are present in mature seeds (11) and respiration usually takes place immediately after water imbibition in coniferous seeds (9) . Nuclei are also present in mature seeds and nuclear phosphorylation is possible (2) even though little has been explored in plant materials. Rapid increase of TAP upon hydration further indicated that the synthesizing machinery of these nucleotides is pre-existing in mature seeds.
During stratification at 5 C, TAP increased gradually in the gametophyte to 6-fold and rather rapidly in the embryo to 7-fold of the original quantity (Fig. 2) . ATP content rose to 2580 pmoles per embryo (0.675 mM) and to 3640 pmoles per gametophyte (0.266 M) after 2 weeks stratification. The energy charge also increased to 0.85 in the embryo and 0.75 in the gametophyte (Fig. 3 ). This energy supply permits synthetic sequences or energy-requiring pathways to occur when temperature becomes more adequate for growth and substrates are available; thus, a state of readiness for germination is created during this period. The beneficial effects of stratification or chilling of seeds were known to be increased soluble sugars i-STRATIFICATION AT 5C-C----GERMINATION AT (18) , and reduced growth inhibitors (3, 18, 27) . The elevation of energy supply and energy charge as observed for the first time in this study could be considered as another beneficial effect of stratification of seeds.
As a result of the warm temperature stimulation on the preexisting systems, the embryo of stratified seeds quickly built up the content of TAP under germination conditions (Fig. 2) . Apparently, synthesis of RNA and proteins began simultaneously, and utilization of ATP exceeded biosynthesis, which resulted in a reduction of energy charge (Fig. 3) to 0.71 in 1 day. On the 3rd day, when the radicle was emerging, a distinct reduction of the TAP was again noted. In view of extremely active mitosis observed at this stage (Table II) the reduction probably is related to the active synthesis of cellular constituents. This temporal reduction had been observed in germinating peas (5) . A net loss of ATP may be attributed partly to the protrusion of radicles, which require energy for the mechanical work.
The young seedling rapidly synthesized all three species of adenosine phosphates after radicle emergence (Fig. 2) . The TAP reached a peak on the 9th day of germination, reduced somewhat during cotyledon emergence, and then accumulated again to a new plateau of 40 nmoles per seedling. This pattern of increase follows the change in total nucleotides during seed germination (10) , and it appears to be the general pattern of development with concerted events of temporal increase of enzymes, mitochondria, chloroplasts, nuclei, and other cellular constituents accompanying the multiplication of cell number and the enlargement of cell size. The temporal control of enzyme synthesis during development is known (13) , and the oscillation of different nucleosides triphosphate pools during cell cycles of synchronous cultures of bacteria has been reported (16) . Therefore, the changes in the content of adenosine phosphates appear to be controlled by a genetically programmed pattern of development in embryonic tissue.
The over-all EC was lower than 0.7 after radicle emergence and during the rapid growth period of the seedlings, then increased to 0.9 and remained high during the period of cotyledon expansion. Owing partly to the continuous increase of water content in seedlings and vacuolation in differentiated cells, the over-all ATP concentration in tissue reduced continuously from 0.7 mm in soaked seeds to 0.2 mM in completely germinated seedlings. Differential concentrations of ATP in various cell types and organs probably exist, but were not studied in this work.
Changes in the content of adenosine phosphates in gametophyte of germinating seed showed a different pattern than the embryo (Fig. 2) The energy charge increased from 0.26 in the gametophyte of dry seed to 0.75 in stratified seed, remained around 0.75 during germination, then lowered to 0.6 at the end of germination (Fig. 3) During stratification, cell number was not increased (Table II) , but the EC was 0.85 (Fig. 3) . During early stages of germination, all tissues were growing in cell number as evidenced by the high mitotic index (Table II) , and the EC was 0.65 to 0.75 (Fig. 3) . During the later stages of germination, the EC was high again (0.8 to 0.9), but the increase of cell number became limited to the meristemic tissues, which comprised only about one-thousandth of the volume of the seedling. A distinct difference in the energy status between bacteria cells and higher plant cells is well illustrated in these studies. In cultured rat hepatoma cells, two independent adenine nucleotide pools 
